Type 2 diabetes mellitus (T2D) is a chronic diet-related disease which due to many dangerous complications has become a prominent health problem of the world. The aim of the study was to explore the in vitro activity of Japanese quince (Chaenomeles japonica L., family Rosaceae, JQ) fruit polyphenolic extract as modulator of carbohydrates metabolism. The research was designed to investigate the effect of JQ polyphenolic extract on glucose metabolism in human hepatoma HepG2 cell line cultured under normal non-metabolically changed and hyperglycemic conditions. Pretreatment of the cells with JQ preparation caused decrease of intracellular ROS generation and influenced mitochondrial membrane polarization which seemed to lead to AMPK activation. Further effects observed in HepG2 cells were associated with activation of the enzyme: elevation of glucose uptake and glycogen content, and alleviation of gluconeogenesis through modulation of PEPCK, PTP1B, FOXO1 and GLUT2/4 expression. These findings suggest that JQ polyphenols exhibit hypoglycemic effects via modulation of AMPK signaling in hepatocytes.
INTRODUCTION
Epidemiological data show that diet-related chronic diseases have become a prominent health problem of the world. According to World Health Organization in 2014 about 8.5% of the world's adult population suffered from diabetes and almost 90% of diabetes cases belong to type 2 diabetes (T2D), which is considered the major diet-re lated cause of human deaths (2016) . T2D is characterized mainly by hyperglycemia, hyperlipidemia and elevated hepatic glucose production that result from irregularities in the insulin secretion, attenuated insulin sensitivity (due to decreased glucose uptake by peripheral tissues) and pancreatic beta cells dysfunction caused by multiple stimuli including glucotoxicity, lipotoxicity, proinflammatory cytokines and oxidative stress (Brereton et al., 2016) . A lot of research revealed that T2D development is preceded by elevated, non-diabetic levels of blood glucose, termed as prediabetes or prediabetic dysglycemia (Hostalek et al., 2015; Kerimi et al., 2015) . Recent clinical studies demonstrated that prediabetes can be delayed due to the lifestyle improvement, mainly through physical activity and diet enriched with bioactive compounds that can affect the key molecular targets of metabolism. One of the most important regulators of lipid and glucose metabolism is a 5'-adenosine monophosphate-activated protein kinase (AMP-activated protein kinase or AMPK), which is expressed predominantly in the liver, brain, skeletal muscle and adipose tissues (Hardie, 2014) . It is known as a sensor of energy status that maintains cellular energy homeostasis and, therefore, it is regarded as potential therapeutic target for the prevention and treatment of diabetes (Hardie, 2016; Hardie, 2011) . AMPK is activated under metabolic stress conditions when ATP consumption accelerates and AMP:ATP ratio increases. The protein kinase is a heterotrimer containing α catalytic subunit and two regulatory subunits (β and γ). During the enzyme activation AMP (mainly) and ADP (to some extent) directly bind to Bateman domains in γ subunit, leading to a conformational change that inhibits dephosphorylation of Thr172 by protein phosphatases and strongly increases the enzyme activity (Hardie, 2011) . Another factor determining the enzyme activation is its phosphorylation at αThr172 and this process can be catalyzed by three upstream kinases: tumor-suppressor liver kinase B1(LKB1), calcium-dependent calcium/calmodulin-dependent protein kinase kinase β (CaMKKβ) or transforming growth factor-β activated protein kinase-1 (TAK1) (Coughlan, 2014; Cardaci et al., 2012) .
There are known different activators of AMPK with diverse mechanisms of action and pharmacological effects (Hardie, 2016) . Although the enzyme was discovered in the late 1980s, details of its activation acting under various metabolic conditions are known only partially. Cell membrane permeable adenosine analog AIC-AR (5-aminoimidazole-4-carboxamide ribonucleoside) is converted to AMP analogue and binds to the γ subunit of AMPK at the same sites as AMP and mimics its effects. Other known allosteric activator A-769662 binds directly to the AMPK β subunit at sites distinct from the AMP binding sites (Scott et al., 2014) . Many of the activators already known are natural plant products or their derivatives. Among them is also the anti-diabetic drug metformin, which exerts its beneficial effects by decreasing the mitochondrial membrane potential, reducing the Vol. 65, No 1/2018 67-78 https://doi.org/10.18388/abp.2017_1604
ATP level and increasing the cellular AMP (Cardaci et al., 2012) . Its ability to inhibit mitochondrial Complex I activity and disturb cell respiration results in increase of the activity of AMPK protein through its phosphorylation by LKB1 kinase (Viollet et al., 2012) .
Over the last few years more than 100 different natural products have been shown to activate AMPK. The majority of them are products derived of plants used in traditional Asian medicine (Hardie, 2016) . Part of them are active as crude polyphenolic extracts and their detailed characterization in terms of constituents and mechanisms of action has not been performed yet. However, further (more advanced) studies on AMPK activating plant extracts seem to be reasonable because they may identify some direct AMPK activators more efficient than metformin and/or with fewer side effects.
Japanese quince (Chaenomeles japonica L., family Rosaceae) is one of the Chaenomeles species native to China, Tibet and Japan (Du et al., 2013) . Quince fruit have been traditionally used as the medicinal herb source for Mugua component in the treatment of rheumatoid arthritis, hepatitis or asthma (Du et al., 2013) . High content of polyphenols, triterpens, vitamin C, organic acids, pectins, fiber and pleasant flavor makes Japanese quince fruit an interesting raw material for food components like juice, wine, liqueur, puree or jam (Tarko et al., 2014) . In our previous study we identified Japanese quince (Chaenomeles japonica L., JQ) fruit polyphenolic extract as a strong in vitro α-amylase inhibitor with ability of slowing glucose absorption from digestive tract (Zakłos-Szyda et al., 2015) . We also revealed cytoprotective abilities of JQ extract against chemically induced oxidative stress in pancreas beta cells. Moreover, we found that it inhibits protein tyrosine phosphatase 1B (PTP1B), known as the major negative regulator in insulin and leptin signaling. Taking into account that these fruits are a rich source of polyphenolic compounds (mainly catechins and procyanidin oligomers) possessing numerous biological activities (Strugała et al, 2016; Tarko et al., 2014; Bahadoran et al., 2013; Lewandowska et al., 2013; Gorlach et al., 2011; Stręk et al., 2007) , we hypothesized that JQ extract can also activate AMPK. Recent reports evidenced black soybean seed coat and grape seed procyanidins as the agents responsible for AMPK activation and glucose uptake in mice and rats (Yamashita et al., 2016; Crescenti et al., 2015; Kurimoto et al., 2013) . However, to the best of our knowledge, there are no earlier reports on Japanese quince polyphenols influencing glucose metabolism, thus the aim of the study was to test JQ effect on the AMPK activation. Because liver plays an important role in glucose homeostasis maintenance thus in the study presented we checked the preparation's influence on hepatocytes. The scarce availability of primary human hepatocytes isolated from fresh human liver samples and their limited life span influenced our usage of human originated hepatoma HepG2 cell line as the cellular model. HepG2 cells display many of the genotypic features of normal liver cells and due to their immortalization are often used for in vitro studies (Gerets et al., 2012) .
In this report we studied the influence of the JQ extract on phosphorylated AMPK level, but in order to explain potential anti-diabetic mechanism of JQ preparation we also assessed effects of this extract on hepatic glucose uptake, gluconeogenesis, glycogen synthesis, as well as its influence on the expression of genes involved in glucose metabolism regulation (i.e. AMPK, GLUT4, PEPCK, G6P). These analyses allowed us to propose mechanism by which the JQ extract not only activates AMPK but also influences other aspects of carbohydrate metabolism in HepG2 cells cultured under normal, nonmetabolically changed and hyperglycemic conditions.
MATERIALS AND METHODS

Materials.
All reagents used in our study were special-grade commercial products purchased from Sigma-Aldrich (Saint Louis, MO) unless otherwise stated. All cell culture reagents were obtained from Life Technologies (Carlsbad, USA). Tissue culture plastics were supplied by Greiner Bio-One GmbH (Frickenhausen, Austria). All the experimental measurements, if not stated otherwise, were performed using the Synergy 2 BioTekMicroplate Reader.
Japanese quince polyphenol extraction. Extraction of polyphenolic compounds from Japanese quince (JQ) fruits and polyphenols content analysis were performed according to the procedure described previously ( Zakłos-Szyda et al., 2015; Stręk et al., 2007) . Briefly, homogenized fruits were extracted three times with 70% aqueous acetone solution (in the ratio 1:10 w/v). The pooled extracts were centrifuged at 1500 g for 10 min, filtered through Munktell filter AB, concentrated at 40°C on vacuum rotary evaporator (Buchi, Switzerland) to remove the acetone and then the aqueous phase was freeze dried. Samples were stored at -20°C before used in analytical and biological activity assays. The calculated yield of extraction was 8.82%. The HPLC method was used for quantitative and qualitative analysis of the components present in the JQ extract (Table 1) . The results were presented as mg of phenolic compounds per g of freeze dried preparation.
Cell Culture. Human hepatoma HepG2 cell line was purchased from Leibniz Institute DSMZ -German Collection of Microorganisms and Cell Cultures (Leibniz, Germany). HepG2 cells were grown in RPMI 1640 with 10% fetal bovine serum (FBS, Invitrogen) medium supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin and 25 µg/ml amphotericin B. Presented medium formulation with 11 mM glucose corresponds to nonmetabolically changed culture conditions. To induce hyperglycemic conditions 24 hours after seeding cells were treated with medium supplemented with glucose to the final concentration 25 mM for selected incubation time (Węgłowska et al., 2015; Zang et al., 2004) . The cells were maintained at 37 °C in a humidified incubator containing 5% CO 2 and 95% air.
Cell viability and proliferation assay. Cells were seeded into 96-well plates at 10 4 cells per well in complete medium and grown for 20 h, then incubated in the presence of the studied 50% ethanolic extract diluted in RPMI culture medium for either 24 h. Cell viability was quantified with PrestoBlue reagent according to the manufacturer's instructions by measuring the fluorescent signal at F530/590 nm (Excitation/Emission). The obtained fluorescence values were used to calculate cell viability expressed as the percentage of the viability of the untreated control cells (cells treated with equal volume of the vehicle instead of the preparation). To evaluate the protective effect of the JQ preparations against oxidative stress, cells were preincubated for 20 hours with the JQ extract used at the IC 0 concentration. Then, to induce the oxidative stress conditions 500 μM tert-butylhydroperoxide (t-BOOH) was added for 2 h in the presence of serum-free RPMI medium and the cells viability was measured. However, in the described experiment apart from wells with control cells (F contr ) and wells with cells treated with JQ and t-BOOH (F treated ) blank wells with media (F blank ) and t-BOOH only (F blanktBOOH ) were also analyzed. Thus, the final values described as cytoprotective effect of JQ on the cell viability were calculated as:
Cell proliferation was evaluated with CyQUANT Direct Cell Proliferation Assay according to the manufacturer's instructions by measuring the fluorescent signal at F485/528 nm.
Detection of intracellular reactive oxygen species. To determine the effect of the JQ extract on the intracellular generation of ROS the DCFH-DA assay was performed. After incubating the cells for 20 h with the extract, they were washed with PBS and loaded with the DCFH-DA dye at a final concentration of 1 μM in serum-free medium for 40 minutes. Then, the cells were washed twice with PBS and fluorescent signal at F485/528 nm was measured. In the described experiment apart from wells with control cells (F contr ) and wells with cells treated with JQ (F treated ) also blank wells with media and vehicle (F blank ) and preparation (F blankprep ) were analysed. Thus the final values were calculated as:
As the positive control of oxidative stress inducer 500 μM t-BOOH was used.
Glucose uptake. Cellular glucose uptake was quantified with 2-NBDG assay using a microplate reader. After incubating the cells for 24 h with the JQ extract (with 11 mM or 25 mM glucose, respectively) 150 µM 2-NBDG was added in the glucose-free medium. After 1 h of incubation cells were washed twice with serum-and glucose-free medium and fluorescent signal at F485/530 nm was measured immediately.
Glucose production assay. HepG2 cells were seeded into microplate in complete medium and grown for 20 h, then treated for 24 h in serum-free medium in the presence of the investigated extract diluted in RPMI culture medium. Then, the medium was replaced with glucose production buffer consisting of glucose-free RPMI without phenol red supplemented with 20 mM sodium lactate and 2 mM sodium pyruvate. After 3 h of incubation the medium was collected and glucose concentration was assessed using a colorimetric glucose assay kit (Glucose (GO) Assay Kit (GAGO-20), Sigma-Aldrich) with absorbance measured at 540 nm. The readings were normalized to the total protein content determined from the whole-cell lysates with Bradford method.
Determination of glycogen content. Glycogen content was determined with glycogen colorimetric assay kit from Sigma-Aldrich. The treated cells were homogenized in distilled water on ice, boiled for 5 minutes to inactivate enzymes, centrifuged at 13 000 × g for 5 min and treated with hydrolysis buffer. Later, according to the manufacturers procedure, master reaction mix was added and after 30 min the absorbance at 570 nm was read. The readings were normalized to the total protein content determined from the whole-cell lysates with Bradford method.
Western blot. After the treatment cells were lysed with M-PER Mammalian Protein Extraction Reagent (ThermoFisher) with Halt proteases inhibitor. Equal aliquots (20 µg) of the protein samples were separated by 4-12% SDS-PAGE, transferred to nitrocellulose membranes (BioRad) and blocked with 5% BSA in PBST buffer. Membranes were incubated with rabbit β-actin and p-AMPK antibodies (Cell Signaling) at 4°C overnight, after which they were incubated with horseradish peroxidase-conjugated mouse anti-rabbit secondary antibody for 1 h at room temperature. Western blots were developed using SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Scientific) and quantified by densitometry.
AMPK activation. pAMPK level was analyzed by EnzyFluoTM AMPK Phosphorylation Assay Kit (BioAssay Systems). HepG2cells (3 × 10 4 cells per well) were seeded into 96-well plate in complete medium and incubated overnight, then starved for another 24 h in the serum-free medium with 11.1 mM or medium with 25 mM glucose and treated with the tested JQ preparation for another 24 h. Finally, ELISA determination of phosphorylated AMPK Thr172 in whole cells (normalized to the total protein content) according to the manufacturer's instructions was performed.
Measurement of ATP production. After HepG2 cells treatment the intracellular ATP level was quantified with CellTiter-Glo Luminescent Cell Viability Assay kit according to the manufacturer's instructions (Promega, Madison, WI).
Measurement of mitochondrial membrane potential. The mitochondrial membrane potential was assayed with JC-1 probe. After treatments with the studied compounds the medium was changed and JC-1 (1 µg/mL) was added for 20 min. Then, the cells were washed with serum-free medium and fluorescent signal at F485/590 nm was measured. As a known mitochondrial uncoupler CCCP (carbonyl cyanide 3-chlorophenylhydrazone) was used at 50 µM concentration (Julian et al., 2005) .
Apoptosis detection. Apoptosis was measured by Cell Death Detection ELISA Plus (Roche Diagnostics) according to manufacturer's instructions. After treatments with the compounds cells were lysed and histone-complexed DNA fragments (mono-and oligonucleosomes) present in the cytoplasmic fraction were quantified with immunoreagent complex. DNA-histone complex served as the positive control. Following incubation and washes, the colorimetric solution was added and after adding the stop solution the colorimetric signal was measured at 405 and 490 nm. Gene expression analysis. Total RNA was extracted from HepG2 cell culture using RNeasy ® Mini Kit (QIAGEN, Venlo, Netherlands) and purified with Amplification Grade DNase I (Sigma-Aldrich). RNA samples were reverse transcribed with RT2 First Strand Kit (SABioscences, Frederick, MD, USA). The human HepG2 gene expression analysis was performed with SABioscience microplates with SYBR Green-optimized primer assays for chosen genes listed in Table 2 . Real time RT-PCR was carried out using SYBR ® Greenbased RT2 qPCR Master Mix (SABioscences) on a BioRad CFX96 qPCR System (Hercules, Bio-Rad, CA, USA). Complementary DNA representing 6 ng of total RNA per sample was subjected to 40 cycles of PCR amplification. Samples were first incubated at 95°C for 15 s, then at 60°C for 30 s, and finally at 72°C for 30 s. To exclude non-specific products and primer-dimers, after the cycling protocol, a melting curve analysis was performed by maintaining the temperature at 55°C for 2 s, followed by a gradual temperature increase to 95°C. Constitutively expressed GAPDH gene was selected as endogenous control to correct potential variation in RNA loading. The threshold cycle (Ct) values for that gene did not change in independently performed experiments. The level of target gene expression level was calculated as 2−ΔΔCt, where ΔΔCt
Statistical analysis. All data were presented as mean ± S.D. from at least three independent experiments. All obtained results were subjected to statistical analysis. Determination of average values and one-way ANOVA analysis followed by the Dunnett's test were performed using GraphPad prism 4.0 software (GraphPad Software, Inc. La Jolla, USA) at the significance level of *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
RESULTS
Effect of JQ on cell viability, proliferation and ROS generation
We first studied the effects of different JQ extract concentrations (1.0-15.0 mg/mL) on HepG2 cells metabolic activity and proliferation. The JQ influence on viability and proliferation of the studied cells was concentration-dependent (Fig. 1A) . 5.0 mg/mL concentration of the JQ extract was identified as the highest non-cytotoxic concentration (IC 0 ) and used in all further experiments performed at normal (11 mM) and elevated glucose concentration (25 mM) in the culture medium. The accuracy of the selected dose was confirmed by cell viability study which revealed that medium with 25 mM glucose did not exacerbate JQ toxic activity on cells (94-96% viability) (Fig. 1B) .
Experimental data presented in Fig. 1A confirmed that the IC 0 concentration also did not influenced cell growth indicating no impairment of the cell proliferative machinery. Our previous studies carried out with 
on metabolic activity (analyzed by PrestoBlue assay) and proliferation (analyzed by CyQuant assay) of HepG2 cell line after 24 h treatment (A). The influence of elevated glucose concentration (25 mM) and JQ (5 mg/mL) on the HepG2 cells viability (compared to the control cells cultured with 11 mM glucose) (B). The effects of JQ (5 mg/mL) and t-BOOH (500 µM) on intracellular ROS generation (analyzed by DCFH-DA assay) and its cytoprotective activity (analyzed by PrestoBlue assay) in HepG2 cell line after 20 h treatment compared to the control cells cultured with 11 mM glucose (C).
Cells were cultured in standard medium at 11 mM glucose concentration, unless indicated otherwise. Control cells were not exposed to any compound but the vehicle; values are means ± standard deviations from at least three independent experiments; statistical significance was calculated versus control cells (untreated) *p<0.05, **p<0.01, ***p<0.001. murine insulinoma βTC-3 cells allowed to estimate the IC 0 value of polyphenolic extract from Japanese quince fruits as ca. 6 mg/mL and this value is comparable to the one obtained for the HepG2 cells. Thus the selected doses (5-6 mg/mL) seemed to be not harmful to cells of different tissue origin (Zakłos-Szyda et al., 2015) . However, incubation of HepG2 cells with higher doses of the JQ extract (7.5 mg/mL and 10.0 mg/mL) caused, respectively, 40% and nearly 80% decrease of the cell viability and proliferation.
The effect of JQ extract on the intracellular reactive oxygen species production was shown in Fig. 1C . As compared to the control, t-BOOH decreased the cell viability almost by 30% and significantly increased the intracellular ROS production (by nearly 50%). Cells pre-incubation with the JQ extract reduced t-BOOH induced oxidative stress by nearly 20%, as well as decreased intracellular ROS level by 20% (comparing to the cells treated with the vehicle only). Thus, cells pre-incubation with the preparation resulted in their protection against t-BOOH induced cytotoxicity. Further studies revealed that HepG2 cells incubation with 25 mM glucose for 24 h increased the level of intracellularly generated ROS by 15% in comparison to the cells cultured under normal conditions (11 mM glucose). JQ pretreatment effectively prevented the ROS production induced by high glucose lowering it to level observed in cells cultured in the medium with 11 mM glucose.
Effect of JQ on intracellular ATP level, mitochondrial membrane potential and AMPK activation
Due to the fact that AMPK acts as an energy sensor, we analyzed influence of the JQ extract on cellular ATP production. After HepG2 cells treatment with the JQ the ATP level was reduced by almost 15% (Fig. 2A) , thus we investigated the effect of the JQ preparation on mitochondrial membrane potential. Our experiments showed that the JQ extract reduced mitochondrial membrane potential by nearly 35% (Fig. 2B) . Decrease in mitochondrial potential may result from inhibition of mitochondrial respiration or opening of the mitochondrial permeability transition pore with apoptosis induction. To exclude putative impact of the JQ extract on apoptosis induction we carried out analysis of cytoplasmic monoand oligonucleosomes. Their presence in analyzed samples can indicate apoptosis induced DNA degradation. As shown in Fig. 2C , HepG2 cells treatment with the JQ preparation did not induce significant increase of apoptotic cells. Further investigation revealed that both in cells treated with 25 mM glucose and with additional presence of JQ the ATP levels were lowered by 20%. Furthermore, no significant proapoptotic changes in the cells were observed.
To confirm activation of AMP-activated protein kinase and its involvement in hypoglycemic activity of the JQ extract, we estimated the levels of phosphorylated Thr172 residue in AMPK catalytic α subunit (Fig. 3A-B) . Indeed, we found that under nonmetabolically changed 1 HepG2 cells cultured under normal conditions (in medium with 11 mM glucose) were exposed to JQ preparation (5 mg/mL) for 24 h; control cells were not exposed to JQ. 2 HepG2 cells cultured under normal conditions were exposed to JQ preparation (5 mg/mL) for 24 h, and then treated with hyperglycemic conditions (in medium with 25 mM glucose) in the JQ presence for additional 24 h; control cells were exposed to 25 mM glucose, but not exposed to JQ preparation. mRNA expression levels were detected by RT-qPCR using GADPH (glyceraldehyde-3-phosphate dehydrogenase) as internal control and calculated as 2−ΔΔCt, where ΔΔCt = [Ct(target) − Ct(GAPDH)]sample − [Ct(target) − Ct(GAPDH]. Data represent the means ± standard deviations (n≥3); *p<0.05 vs control 1 (cells cultured in media with 11 mM glucose) or #p<0.05 vs control 2 (cells cultured in media with 25 mM glucose).
conditions the JQ extract increased pAMPKα Thr172 amount by at least 35% as compared to the control. The presence of phosphorylated AMPK was confirmed by western blot analysis, where the most spectacular effect was observed for metformin used as positive control, but the JQ extract also induced significant phosphorylation and activation of the AMP-dependent protein kinase. However, analysis of mRNA levels revealed that the JQ extract only slightly influenced the expression of mRNA encoding AMPK subunits (α, β and γ) in HepG2 (Table 2 ). These results suggested that elevated AMPKα Thr172 phosphorylation is a consequence of reduced mitochondrial membrane potential and elevated AMP/ATP ratio rather than of the increased AMPK protein level. Elevation of supplemented glucose concentration to 25 mM significantly influenced HepG2 cells metabolism. We found that hyperglycemia decreased AMPKα Thr172 phosphorylation by 25%. Nevertheless, JQ cells pretreatment increased the pAMPKα Thr172 level to the value slightly lower than obtained for the preparation alone. Interestingly, the change in cell culture conditions did not affect the level of AMPK subunits genes expression.
JQ polyphenols modulate glucose production, glucose uptake and glycogen content
To explore potential hypoglycemic effect of the JQ polyphenolic extract first we checked its influence on gluconeogenesis in HepG2 cells cultured under metabolically unchanged conditions. As reference compounds in these experiments we used metformin (2 mM) and epigallocatechingallate (EGCG) (at the IC 0 5 μM) known, respectively, as AMPK activator and hepatic gluconeogenesis inhibitor (Viollet et al., 2012; Collins et al., 2007) . As it was shown in Fig. 4A the JQ extract decreased the hepatic glucose release by 20%, whereas metformin and EGCG suppressed it by 30% and 7%, respectively.
Then, we tested the JQ preparation effect on expression of two major gluconeogenesis regulators: PEPCK converting oxaloacetate to phosphoenolpyruvate and G6Pase responsible for hydrolysis of glucose-6-phosphate to glucose. Both of these enzymes are regulated at the transcriptional level by forkhead transcription factor (FOXO1) and peroxisome proliferative activated receptor-gamma co-activator 1 (PGC-1alpha) (O-Sullivan et al., 2015; Jitrapakdee, 2012) . As it was shown in Table 2 , the JQ extract did not influence G6Pase mRNA expression level, but caused 2-fold decrease in the level of mRNA corresponding to the gene encoding PEPCK. Moreover, exposure of HepG2 cells to JQ preparation resulted in 30% decrease of FOXO1 and PGC-1alpha mRNA levels suggesting a functional link between lower the transcription of the genes encoding these two transcription factors and the level of gluconeogenic enzymes like PEPCK. Although decrease in mRNA level estimated in our experiments for FOXO1, PGC-1alpha and PEPCK genes was not very prominent, these data indicated possible mechanism of the JQ extract-mediated inhibition of hepatic gluconeogenesis and glucose release.
Further studies showed that HepG2 treatment with the JQ preparation resulted in 25% increase of glucose fluorescent analogue 2-NBDG uptake (Fig. 4B) . Quantitative PCR analysis revealed that JQ pretreat-
Figure 2. The effect of JQ (5 mg/mL) and metformin (2 mM) 24 h treatment on ATP level was determined by ATP luminescent assay kit (A). The effect of JQ (5 mg/mL), EGCG (5 µM) and metformin (2 mM) 24 h treatment on mitochondrial membrane potential was determined with JC-1 probe (B); as a positive control depolarization compound CCCP (50 µM) was used. The effects of JQ (5 mg/mL) and metformin (2 mM) 24 h treatment on apoptosis induction (C) in HepG2 cells were analyzed by apoptosis detection kit.
Control cells were not exposed to any compound but the vehicle. Cells were cultured in medium with 11 mM glucose or in medium with elevated glucose concentration (stated as 25 mM). Values are means ± standard deviations from at least three independent experiments; statistical significance was calculated versus control cells (untreated) *p<0.05, **p<0.01, ***p<0.001. ment of HepG2 cells did not influenced the expression of the gene encoding glucose transporter GLUT2 (Table 2) , but increased by 60% the level of mRNA corresponding to the gene encoding glucose transporter GLUT4. It is well known that glucose uptake requires translocation of GLUT4 transporter from intracellular space to the plasma membrane. This process can be enhanced by AMPK-signaling pathways by procyanidins (Yamashita et al., 2012) . Our results indicated that JQ polyphenolic compounds can increase GLUT4 gene expression to some extent. Furthermore, cells incubation with combination of JQ and insulin (100 nM), which is known to suppress gluconeogenesis and stimulate glucose uptake, did not extend the effect observed for the JQ extract used alone, which suggests that the JQ preparation might stimulate glucose uptake through insulin-signaling pathway. EGCG turned out to be less effective as the activator of the 2-NBDG uptake than the JQ extract. This observation can be explained according to the report by Ueda et al., who observed that non-gallate type catechins (like epicatechin) stimulate glucose uptake efficiently while gallate type catechins (like EGCG) are less effective activators of this process (Ueda et al., 2010) .
It is known that the glucose taken by the cells is at least partially converted into glycogen. Our analysis showed that after pretreatment of HepG2 cells with the JQ preparation the intracellular glycogen content increased by almost 40% (Fig. 4A) . Glycogen synthesis is catalyzed by liver glycogen synthase (GYS2) which is negatively regulated via phosphorylation by glycogen synthase kinase-3 (GSK-3) (von Wilamowitz- Moellendorff et al., 2013) . We found that the JQ extract did not influence GYS2 mRNA level, but reduced twice the mRNA level of its inhibitor GSK-3 (Table 2 ). In addition, the level of mRNA corresponding to the IRS2gene was doubled, mRNA for IRS1 was unchanged, while the level of mRNA corresponding to protein tyrosine phosphatase 1B (PTP1B) was decreased by 20-30%. These changes in mRNA levels can result in, respectively, decreased level of PTP1B, increased level of IRS2 and reduced level of GSK-3. Insufficient level of the latter enzyme (GSK-3) and reduced phosphorylation of its substrate (GYS2) can finally lead to higher activity of liver glycogen synthase and increased content of glycogen.
Finally, we elucidated the preventive JQ effect on HepG2 cells cultured under hyperglycemic conditions in the presence of 25 mM glucose. As shown in Fig. 4A , the level of glucose release was 2-fold greater than that observed for untreated cells cultured under standard conditions. This result was accompanied by doubled expression of PEPCK and G6Pase (Table 2) . However, these effects were repressed by cells pretreatment with JQ preparation, which was able to down-regulate not only the expression of these genes, but also of FOXO1 and PGC-1alpha. Further experiments revealed that culturing the cells at high glucose level decreased the cellular glycogen amount by 30%, which was accompanied by a double reduction of GYS2 level, though without the influence on GSK3A. In line with these results are decreased levels of IRS1 and IRS2, and increased PTP1B at high glucose concentration. After incubation with JQ the levels of abovementioned genes were restored to the values corresponding to normal glucose level as compared to cells cultured under hyperglycemic conditions. Simultaneously, 25 mM glucose reduced the cellular glucose uptake by approximately 20% (Fig. 4B) . Pretreatment with JQ increased 2-NBDG uptake by almost 40% to the level comparable to the cells treated with preparation only. Therefore, gene expressions of glucose transporters GLUT2 and GLUT4 were determined. Comparing to the untreated cells the mRNA level of GLUT2 was not influenced significantly by addition of high glucose, though it increased two times after addition of JQ and high glucose. The preparation did not exert significant effect on GLUT4 expression.
JQ involvement in AMPK signaling
To determine the role of Japanese quince polyphenols in AMPK activation, and also in modulation of glucose production and uptake, before incubation with JQ we pretreated cells with 10 µM compound C for 1 hour. Compound C, known also as dorsomorphin, is widely used in studies of AMPK signaling as its cell-permeable inhibitor (Lu et al., 2014) . As can be seen in Figs. 3 and 4 the cells treatment with this inhibitor displayed decrease of pAMPKα Thr172 level and glucose uptake, as well as increased glucose production. Interestingly, cells incubation simultaneously with the compound C and JQ partially increased AMPK phosphorylation and lowered glucose production. One can suggest that the JQ treatment partially recovered pAMPKα Thr172 level, however, that hypothesis needs further confirmation by analysis of the AMPK downstream substrates phosphorylation levels.
DISCUSSION
Japanese quince fruits are a rich source of biologically active polyphenols and the major phenolic compounds are flavan-3-ols including catechin, epicatechin and procyanidin oligomers (Zakłos-Szyda et al., 2015; Du et al., 2013; Gorlach et al., 2011) . Because of its anti-inflammatory, antibacterial, antioxidant and immunoregulatory properties Chaenomeles japonica plant has been widely used in traditional Chinese medicine. Recently it was also identified as cancer chemopreventive agent with proliferation, invasiveness and angiogenesis inhibition effect (Lewandowska et al. 2013; Gorlach et al., 2011) . Moreover, our previous results identified Japanese quince polyphenols as potent inhibitors of carbohydrates digestive enzymes (Zakłos-Szyda et al., 2015) . In this report we demonstrated that JQ polyphenols exhibit cytoprotective activities and regulate glucose metabolism during in vitro studies in HepG2 cells. Due to the fact that hyperglycemia leads to the increased production of reactive oxygen species and to the cellular damage progression, most of the studies presented here were carried out on HepG2 cells cultured under nonmetabolically changed and hyperglycemic (at elevated glucose concentration) conditions, which finally allowed us to verify the JQ activity in normal and altered glucose concentrations. As compared to the normal culture conditions the elevated glucose concentration caused a significant increase in ROS generation in HepG2 cells. When it comes to outcomes obtained for cytoprotective actions, the oxidative stress inducer t-BOOH was used, whose toxic properties result from production of tertbutoxyl, peroxyl, alkoxyl and methyl radicals catalyzing lipid peroxidation, DNA strand breaks and alteration in intracellular calcium homeostasis Cell were cultured in presence of 11 mM glucose, unless elevated glucose level was indicated (25 mM). Control cells were not exposed to any compound but the vehicle; values are means ± standard deviations from at least three independent experiments; statistical significance was calculated versus control cells (untreated) *p<0.05, **p<0.01, ***p<0.001.
with glutathione and protein thiol depletion (Goncalves et al, 2013) . We demonstrated that in all studied cases the preparation decreased intracellular ROS levels. The lowering of intracellular ROS generation and cytoprotective effects observed for the JQ extract can be explained according to the recent paper by Strugała and coworkers who postulated that JQ extract from Chaenomeles speciosa fruits induces a considerable increase of the packing order of membrane lipids polar heads and slight decrease in mobility of lipid acyl chains. These effects could increase rigidity of lipid membrane which, in turn, could reduce oxidative reactions kinetics and propagation of lipid peroxidation (Strugała et al., 2016) . The ability of flavonoids to reach all the regions of the membrane bilayer, as it was indicated in other studies (Scheidt et al., 2004) , due to their scavenging potential towards free radical cations, could protect the cellular membrane against oxidation. In this line that protective effect could be deepened by donating hydrogen compound, quenching singlet oxygen and preventing lipid peroxidation. Thus, despite the fact that hydrophobic t-BOOH easily crosses the cell membrane and generates free radicals inside the cell, JQ polyphenolic components could be able to hinder the diffusion and spreading of the new free radicals generated by tert-butyl hydroperoxide. On the other hand, it is known that cocoa polyphenols are able to evoke significant recovery of GSH, the most powerful and abundant intracellular antioxidant, from its oxidized form (Martin et al., 2013) . Additionally, interactions of polyphenols with specific proteins and plasma membrane compartments responsible for signal transduction (known as lipid rafts) activate the production of the nuclear transcription factor Nrf2, which is involved in protection against oxidative stress and result in inhibition of oxidative damage of the cellular components (Zheng et al., 2012; Tarahovsky et al., 2014) .
It is known that liver is the major site for synthesis, storage and redistribution of carbohydrates. The main of them, glucose, is produced via gluconeogenesis or glycogenolysis and then can be supplied to or removed from the circulation. The major glucose transporter present in the liver cells is GLUT2 involved in bi-directional fluxes of glucose and some polyphenolic compounds, like EGCG and resveratrol, are able to elevate its expression (Snoussi et al., 2014; Karim et al., 2012; Vetterli et al., 2011) . In the present study the increase of glucose uptake after JQ treatment was detected, albeit dependently on the presence of hyperglycemic conditions different influence on glucose transporters was observed. In case of standard conditions no effects on the GLUT2 mRNA levels were noticed. Unexpectedly, we observed elevated level of GLUT4 mRNA. This protein is expressed mainly in insulin responsive muscle and fat cells, and in the response to activation of insulin signaling pathway is rapidly translocated from the intracellular vesicles to the plasma membrane (Doan et al., 2015) . Phenolic compounds influence on hepatic GLUT4 level and/or activity has been so far scarcely evaluated, but recently Doan et al. reported results of in vivo studies, where elevated hepatic GLUT4 mRNA levels were observed after the treatment of mice with gallic acid (2015) . Independently, Ashida's team observed GLUT4 translocation after treatment of mice with dimer to tetramer procyanidins from black soybean seed coat and this effect was accompanied by AMPK activation (Yamashita et al., 2016) . Other studies proved that the EGCG activation of AMPK was mediated by the Ca 2+ /calmodulin-dependent protein kinase kinase (CaMKK) dependent on ROS production (Collins et al., 2007) . Taking into account our results one can suggest that activation of AMPK can be stimulated by oligomeric procyanidins, like procyanidins B1 and C1, which are present in the JQ extract in significant amounts (see Table 1 ).
While glucose-stimulated upregulation of mice hepatic expression of GLUT2 transporter was shown by Im and coworkers (2005) , in our studies only after JQ addition to 25 mM glucose we detected elevation of GLUT-2 expression and glucose uptake, as well as gluconeogenesis process inhibition. Our findings are in accordance with the report by Zhou et al., who observed an increase of GLUT2 expression in hepatocytes isolated from T2D patients after treatment with metformin, which is used in anti-diabetic therapy (2016). Metformin potential to activate AMPK is very well known, however, due to many pleiotropic effects observed the mechanism of its antihyperglycemic action has not been elucidated so far (Viollet et al., 2012) . It is known that metformin does not directly activate neither LKB1 nor AMPK, but exerts its beneficial effects in part by perturbing mitochondrial function due to decrease of mitochondrial membrane potential and reduction of ATP production (Cardaci et al., 2012) . Its ability to inhibit mitochondrial complex I activity and disturb cell respiration increases activity of AMPK protein through its phosphorylation by LKB1 kinase (Viollet et al., 2012) . In this line our outcomes could suggest that JQ extract resembles metformin mechanism of action and contributes to AMPK activation due to the change of mitochondrial membrane potential. As the result, one can expect a decrease of the mitochondrial enzymes activity, decrease in the ATP, and finally AMPKα Thr172 phosphorylation induced by falling energy status. Additional confirmation of our "similarity of actions" hypothesis results from strong influence of the JQ preparation on mitochondrial enzymes activity, cellular viability and proliferation. Similarly to metformin, JQ preparation enhanced glucose uptake upon hyperglycemia by GLUT2 level elevation (Fig. 4B) . However, in case of metformin several different mechanisms were suggested to explain its hypoglycemic actions. First of all, it was proposed that due to its apolar hydrocarbon side-chain metformin is able to nonspecifically modify membranes, including mitochondrial ones, through its binding to hydrophobic structures (Viollet et al., 2012) . Other studies demonstrated that metformin is able to improve glucose uptake and sensitivity to insulin by increasing membrane fluidity (Weijers, 2012; Freisleben et al., 1992) . It probably results from inhibition of advance glycation end products (AGE) creation, which could damage cellular components and induce oxidative stress. Furthermore, according to Dai and coworkers (2014) in hepatoprotective effect of metformin the enhancement of catalase activity is involved due to the compound direct interaction with enzyme via hydrogen bonds formation. These data may suggest other nonspecific impact of JQ preparation on different metabolic pathways, which should be further evaluated.
Activation of AMPK precedes GLUT4 translocation and glucose uptake, but it also negatively regulates the transcription of genes encoding gluconeogenic enzymes like PEPCK and G6Pase (Hardie, 2014) . We showed that HepG2 cells treatment with the JQ influenced PEPCK expression level and glucose production, and similar effect was observed also in cells treated with 25 mM glucose. We suggest that this effects caused by the JQ were partly AMPK-dependent, because HepG2 cells pretreatment with compound C abolished the JQ ability to inhibit gluconeogenesis and stimulate glucose uptake under normal glucose level (Figure 4 ), but this hypothesis needs further studies. The JQ polyphenols were also able to increase glycogen synthesis and that finding is consistent with the results obtained for HepG2 cells treated under hyperglycemic conditions with EGCG and green tea polyphenols (Kim et al., 2013) .
Our analysis of gene expression was focused also on IRS1/2 and PTP1B genes. Insulin binding to the IR leads to tyrosine phosphorylation of insulin receptor substrates (IRS) with subsequent activation of PI3K/Akt and MAP kinase pathways. Akt stimulation further leads to the inhibition of GSK-3 and through FOXO1 phosphorylation to decreased PEPCK and G6Pase expression. In hepatic insulin resistance distortion of insulin stimulated signal transduction results from decrease of IR and IRS1/2 expression and inhibition of their phosphorylation (Boucher et al., 2014) . After the JQ treatment IRS2 mRNA was elevated but ,which is more important, the decreased level of PTP1B mRNA was observed. Contrary to the data presented above, hyperglycemic conditions decreased IRS1/2 levels with simultaneous elevation of PTP1B, however, JQ pretreatment resulted in restoration of glucose homeostasis in the explored area. These are in agreement with our previous studies which identified the JQ extract polyphenols as PTP1B enzyme inhibitors (Zakłos-Szyda et al., 2015) . Protein tyrosine phosphatase 1B dephosphorylates the IR and IRS, disturbing signal transduction from insulin receptor, thus, inhibitors of this phosphatase have a major role in modulating insulin sensitivity and carbohydrate metabolism. This may mean that Japanese quince polyphenols stimulate glucose uptake and improve hepatic insulin sensitivity by decreasing PTP1B expression and are useful in prediabetes treatment.
Together, these studies highlight the potential role of Japanese quince polyphenolic extract in regulation of glucose metabolism in human liver HepG2 cell line through its direct effects on hepatic gene expression and metabolism (Fig. 5) . In particular, JQ activates AMPK involved in gluconeogenesis inhibition and decreases hepatic glucose production. Lowering blood glucose level by JQ is associated with its abilities to increase glucose uptake and glycogen synthesis. Due to the fact that non-diabetic, but elevated blood glucose levels are strongly predictive of a high risk of developing type 2 diabetes, the results obtained for Japanese quince polyphenols make it promising as a phytomedicine or diet component suitable for prevention of prediabetes, type 2 diabetes and metabolic syndrome. Our studies proposed potential molecular mechanism accounting for hypoglycemic activity of Japanese quince polyphenols but its properties should be further evaluated.
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